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Abstract —The extent of nickel recovery from spent electrodes of nickel-iron batteries in ammonia solutions 
was studied in relation to time and leaching temperature. The optimal time and the temperature at which 
the extent of nickel recovery in leaching solutions containing ammonium salts is the highest were determined 
and the dependence of the process efficiency on the anionic composition of the solution was analyzed. The 
apparent activation energies of nickel leaching from the active mass preliminarily extracted from lamellas are 


calculated, and the adequacy to the actual process of 
is assessed. 

The problems of utilization and recycling of raw 
materials containing non-ferrous metals, including 
nickel, are presently the matter of strong interest. 
The priority direction in this field is the development 
of hydrometallurgical processing techniques charac¬ 
terized by environmental safety and low energy con¬ 
sumption [1-4]. 

Complexation in ammonia solutions underlies 
nickel recovery from oxidized ores [5-7]. Previously, 
it has been shown that this approach is promising for 
processing of positive electrodes of nickel-iron bat¬ 
teries. Nickel is present in lamellas of spent batteries 
in the form of hydroxides, mainly Ni(OH ) 2 dissolving 
in aqueous ammonia by the overall reaction 

Ni(OH) 2 (s) + 6NH 3 (aq) -> [Ni(NH 3 ) 6 ] 2+ (aq) + 20IT(aq). 

(1) 

Ammonium salts added to aqueous solutions make 
higher the dissolution efficiency because of their 
buffer action preventing accumulation of OIL ions by 
reaction ( 1 ), which takes the form 

Ni(OH) 2 (s) + 4NH 3 (aq) + 2NHj(aq) -> [Ni(NH 3 ) 6 ] 2+ (aq) 

+ 2H 2 0. (2) 

It was established that the extent of nickel recovery 
may be as high as 99% in some cases of leaching of 
lamella fragments in ammonia solutions containing 
ammonium salts [ 8 ]. However, revealing the pos- 


the model of leaching controlled by external diffusion 


sibility of such processing on industrial scale requires 
more detailed studies of the process kinetics. 

The rate of leaching (generally dependent on re¬ 
agent concentration, temperature, rate of stirring, ex¬ 
tent to which the surface of the solid phase is devel¬ 
oped, etc.) may vary in the course of the process. The 
heterogeneous process of leaching includes at least 
three main stages, namely, transport of reagents 
toward the reaction surface, chemical reactions proper, 
and removal of dissolved products into the solution 
bulk. Therefore, one of the basic tasks in studying the 
kinetics of a complex process consists in finding the 
apparent activation energy of the process and in deter¬ 
mining its limiting stage. 

In this study, we analyzed the efficiency of the 
process in relation to the time and temperature of 
leaching for several solution compositions. The leach¬ 
ing was performed from a spent active paste, both 
contained within lamella fragments and preliminarily 
extracted from it. The leaching solutions were pre¬ 
pared using the following reagents: aqueous ammonia 
NH 4 OH (ultrapure grade) and ammonium salts (chem¬ 
ically pure grade) NH 4 C1, NH 4 NO 3 , (NH 4 ) 2 S0 4 , and 
(NH 4 ) 2 C0 3 . 

The extent of nickel recovery was calculated from 
the results of spectrophotometric analysis for nickel in 
the leaching solutions by the technique described in 
[ 8 ]. The leaching process was studied in solutions 
of the following compositions (M): 2 NH 4 OH and 
1 NH 4 N0 3 (solution A), 2 NH 4 OH and 1 NH 4 C1 
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Fig. 1. Kinetics of nickel recovery from (a) active paste and (b) lamella fragments into ammonia solutions A-D at various 
temperatures. (r|) Extent of nickel recovery and (x) time; the same for Fig. 3. Leaching temperature (°C): (/) 30, (2) 40, (3) 50, 
( 4 ) 60, (5) 70, and ( 6 ) 80. 


(solution B), 1.5 NH 4 OH and 1 (NH 4 ) 2 S0 4 (solu¬ 
tion C), and 1.5 NH 4 OH and (NH 4 ) 2 C0 3 (solution D). 

The leaching was done from 1.0-g portions of spent 
active paste and also from closed lamella fragments 
containing approximately the same amount of the 
active paste. A sample was placed in a preliminarily 
thermostated flask with 50 ml of leaching solution, 
equipped with a magnetic stirrer. In this stage of the 
investigation, the rate of agitation was maintained 
constant. The duration of leaching was varied from 5 
to 240 min for lamellas and from 5 to 30 min for the 
active paste without lamellas. 

Figure la illustrates the progress in time of iso¬ 
thermal leaching of nickel from the active paste into 
solutions containing various ammonium salts. Several 
tentative conclusions follow from the presented plots: 
(1) the curve shapes are basically the same for all of 
the studied leaching solution compositions; (2) re¬ 
covery of nickel is strongly temperature-dependent, 
especially in the initial stage of the process (first 
10 min) and at temperatures lower than 50°C; the 
maximum extent of recovery is observed at 70°C and 
then, with temperature raised to 80°C, decreases 
somewhat; (3) above 50°C the rate of leaching tends 


to decrease with time, except for the initial stage; 
(4) at 70-80°C the optimal time of nickel recovery is 
10-20 min and 1-2 h for leaching from, respectively, 
the active paste and lamellas in ammonia solutions, 
irrespective of their anionic composition. 

This suggests that, in its initial stage, the leaching 
proceeds in a mixed diffusion-kinetic mode and then 
tends to pass into the predominantly diffusion region 
[9 11 |. 

The results obtained in leaching of nickel com¬ 
pounds from lamella fragments (Fig. lb) on the whole 
agree with the aforesaid, with correction made for the 
even more pronounced decrease in the leaching rate 
with time. The shapes of the curves obtained at 30°C 
differ from those of the curves taken at 50 and 70°C 
to a greater extent than these latter differ from each 
other. Comparison of the data in Figs, la and lb 
shows that direct leaching through the lamella sheath 
at a given temperature imposes on the process obvious 
diffusion limitations, which is one more evidence in 
favor of the above tentative conclusions. 

To confirm these conclusions quantitatively, the 
obtained kinetic dependences were processed to eval- 
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uate the apparent activation energy of the process. To 
construct a plot in the Arrhenius coordinates, the rate 
of leaching was determined from the initial portions 
of the curves. Figure 2 presents the results of mathe¬ 
matical processing of the kinetic curves obtained in 
leaching in ammonia solutions of the active paste not 
enclosed in a lamella. In the same coordinates are 
shown experimental points describing leaching from 
lamella fragments under similar conditions. The slope 
of the straight line presented in the figure was used to 
determine the activation energy of leaching of the 
active paste to be, on the average, 30 kJ mol -1 , which 
is a quantitative indication of the occurrence of the 
process in the transition diffusion-kinetic region 
[ 10 , 11 ]. 

At the same time, the experimental dependence in 
Fig. 2, well described by a straight line in the Arrheni¬ 
us coordinates (with correlation coefficients exceeding 
0.95) at 1 IT > 2.95 x 10“ 3 K” 1 (T < 65°C), shows 
an obvious tendency toward a decrease in its slope 
(and, consequently, in the apparent activation energy). 
These results confirm the assumption that the process 
tends to pass into the diffusion region with time and 
with increasing leaching temperature. In addition, the 
closeness of the experimental points in Fig. 2 in¬ 
dicates that the leaching parameters affect in about the 
same way the percentage of nickel recovery from the 
active paste and lamella fragments. It should be noted 
that no significant differences were revealed between 
the activation energies obtained for all of the four 
leaching solutions: 29.9, 32, 33, and 27.4 kJ mol -1 
for, respectively, solutions A, B, C, and D. 

Erofeev and Kolmogorov derived a generalized 
kinetic equation that can be used to derive, without 
composing differential equations, formulas of chemi¬ 
cal kinetics for homogeneous and heterogeneous reac¬ 
tions. In particular, the equation for topochemical 
processes has the form 

E = 1 - exp {-kx n ), (3) 

where E is the fraction of substance reacted by the in¬ 
stant of time x, having the meaning of the probability 
that a molecule has reacted by the time x. 

Bulanov et al. [13] used for describing the ki netics 
of leaching of iron-containing raw materials in obtain¬ 
ing ferrous chloride a similar equation 

C ( = C?[l - exp(oqx)], (4) 

where oq < 0 is a constant accounting for specific 
features of the reagent diffusion, cf is the concentra- 



Fig. 2. Dependence of the leaching rate In V (for explana¬ 
tion, see text) in ammonia leaching solutions A-D on tem¬ 
perature T. (i) Active paste and (2) lamella fragments. 


tion of ith leached substance in the starting concen¬ 
trate, and C ; is its concentration in solution. 

The numerical values of the coefficients can be 
obtained by means of linear regression analysis of 
experimental data. Such a model of the leaching proc¬ 
ess requires some assumptions, which idealize some¬ 
what the process in question, but are rather frequently 
used in modeling. At the same time, the validity of 
the following assumptions is the criterion for the pos¬ 
sibility of regarding the process as an ideal mixing 
process [13]: (1) all solid particles have spherical 
shape which is preserved during the chemical reac¬ 
tion; (2) the average granulometric composition of 
particles is the same throughout the reaction volume; 
(3) the solid particles and the solution are homogene¬ 
ously mixed in the reaction volume; (4) the active sur¬ 
face of the particles is proportional to the concentra¬ 
tion of the substance being dissolved in the solid 
phase; (5) the sludge temperature is constant in time 
and the same throughout the reaction volume; (6) the 
leaching of the active paste is diffusion-controlled, the 
substance transfer within pores of a particle toward 
its boundary (internal diffusion) can be neglected and 
only external diffusion (substance transfer from the 
particle surface into the bulk of the liquid) be con- 
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Results of linear regression analysis of the kinetics of 
nickel leaching from the active paste and lamella frag¬ 
ments in ammonia solutions at 70°C 


Solution 

G = In (1 - q) 

R 


Active paste 


A 

-1.540-7.61 x 10 _2 x 

0.840 

B 

-1.927 - 3.931 x 10 _2 x 

0.746 

C 

-2.119-4.945 x 10 _2 x 

0.764 

D 

-1.467- 1.113 x lO” 1 ! 

0.865 


Lamella fragments 


A 

-1.229-8.344 x 10“ 3 t 

0.869 

B 

-1.504-6.131 x 10“ 3 x 

0.796 

C 

-1.888 - 1.307 x 10 _2 x 

0.704 

D 

-2.047 - 1.776 x 10“ 2 x 

0.836 


sidered; (7) the concentration of the leached com¬ 
ponent at the surface of the solid phase is close to the 
saturation concentration; (8) surface adsorption can be 
neglected in considering heterogeneous chemical reac¬ 
tions and the rate at which the adsorption equilibrium 
is attained greatly exceeds the rate of the chemical 
reaction; (9) all reactions occur on the surface of the 
solid phase; (10) ammonia leaching solutions are in 
excess in the apparatus; (11) the diffusion surface can 
be taken to be proportional to the nickel hydroxide 
concentration in the solid phase in considering Ni 2+ 
diffusion flows; (12) the leaching process can be con¬ 
sidered under conditions excluding hydrolytic decom¬ 
position of ammonia solutions. 



50 150 250 x, min 


Fig. 3. Comparison of model kinetic curves with experi¬ 
mental data for nickel leaching from (a) active paste and 
(b) lamella fragments at 70°C. Solution: (7) A, (2) B, ( 3 ) C, 
and ( 4 ) D. 


With account of the fact that the C ( /C® ratio is in 
the given case equivalent to the extent of recovery q, 
an attempt was made to describe the leaching process 
in terms of the model proposed in [13]. For this pur¬ 
pose, the experimental data were subjected to regres¬ 
sion analysis in the coordinates G-t, where G = 
ln(l - q), with the slope of the straight line yielding 
in this case the coefficient a. The results of the analy¬ 
sis are presented in the table (R is the correlation co¬ 
efficient). 

Thus, the coefficients of the models are significant, 
since t (Student’s test) gives significant correlation 
coefficients R > 0.67. Hence, we can obtain theoretical 
and experimental models describing how nickel passes 
into solution in the course of time. Model kinetic 
curves of nickel recovery, plotted using the equations 
(see table), are in good agreement with the experi¬ 
mental data for the active paste (Fig. 3a). Leaching 
from lamella fragments is also satisfactorily described 
by the equations of the model, except in the initial 
stage when, as shown above, the share of the kinetic 
component is still relatively high (Fig. 3b). 

Analysis of the model suggests that the process of 
nickel passing into solution can indeed be considered 
an ideal mixing process with sufficient accuracy. The 
coincidence of the calculated and experimental data 
suggests that the process of nickel leaching in am¬ 
monia solutions from both the active paste itself and 
lamellas with active paste is diffusion-controlled. 

CONCLUSIONS 

(1) A study of the kinetics of nickel leaching from 
spent electrodes of nickel-iron batteries demonstrated 
that, in the initial stage (especially at temperatures 
below 50°C), the process occurs in a mixed diffusion- 
kinetic mode and then tends to pass into the diffusion 
region. 

(2) The anionic composition of ammonia leaching 
solutions exerts no fundamental effect on the effi¬ 
ciency of nickel recovery from the active paste and 
lamella fragments. 

(3) The optimal time of leaching at 70-80°C is 
about 10-20 min for the active paste and 1-2 h for 
lamella fragments. 

(4) The model of outer-diffusion-controlled leach¬ 
ing satisfactorily describes the kinetics of nickel re¬ 
covery from the active paste and lamella fragments 
taken from spent positive electrodes of nickel-iron 
batteries. 


RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001 



KINETICS OF LEACHING OF NICKEL COMPOUNDS 


741 


REFERENCES 

1. Sittig, M., Metal and Inorganic Waste Reclaiming 
Encyclopedia, New York: Park Ridge, 1980. 

2. Khudyakov, I.F., Doroshkevich, A.P., and Kare- 
lov, S.V., Metallurgiya vtorichnykh tyazhelykh tsvet- 
nykh metallov (Metallurgy of Secondary Heavy Non- 
Ferrous Metals), Moscow: Metallurgiya, 1987. 

3. Zhang, P., Yokoyama, T., Itabashi, O., et al., Hydro- 
metallurgy, 1998, vol. 50, no. 1, pp. 61-75. 

4. Nogueira, C.A. and Delmas, F., Hydrometallurgy, 
1999, vol. 52, no. 3, pp. 267-287. 

5. Borbat, V.F. and Leshch, I.Yu., Novye protsessy v 
metallurgii nikelya i kobal’ta (New Processes in 
Metallurgy of Nickel and Cobalt), Moscow: Metallur¬ 
giya, 1976. 

6. Khudyakov, I.F., Tikhonov, A.M., Deev, D.I., and 
Naboichenko, S.S, Metallurgiya medi, nikelya i ko¬ 
bal’ta (Metallurgy of Copper, Nickel, and Cobalt), 
Moscow: Metallurgiya, 1977, vol. 2. 

7. Bukin, V.I., Reznik, A.M., Vasil’chenko, S.V., and 
Granat, N.A., Present State of, and Prospects for Use 


of Extraction in Ammonia Processing of Nickel- and 
Cobalt-Containing Raw Materials, Obzor. Inform. 
TsNIIEI TsM, Ser. Proizv. Tyazh. Tsvetn. Met., 1983, 
issue 3. 

8. Demidov, A.I. and Krasovitskaya, O.A., Zh. Prikl. 
Khim., 2000, vol. 73, no. 10, pp. 1656-1660. 

9. Bretsznajder, S., Kawecki, W., Zeyko, G., and Marcin- 
kowski, R., Podstawy ogolnetechnologii chemicznej, 
Warsaw: Naukowo-Technicznej, 1973. 

10. Habashi, F„ Principles of Extractive Metallurgy, New 
York: Gordon and Breach, 1969. 

11. Zelikman, A.N., Vol’dman, G.M., and Belyaev- 
skaya, L.V., Teoriya gidrometallurgicheskikh protses- 
sov, Moscow: Metallurgiya, 1983. 

12. Beloglazov, I.N., Morachevskii, A.G., and Zhma- 
rin, E.E., Kineticheskie zakonomemosti protsessov 
rastvoreniya i vyshchelachivaniya (Kinetics of Dis¬ 
solution and Leaching), Moscow: Ruda i Metally, 
2000. 

13. Bulanov, V.Ya., Vatolin, N.A., Zalazinskii, G.G., and 
Volkova, P.I., Gidrometallurgiya zheleznykh porosh- 
kov (Hydrometallurgy of Iron Powder), Moscow: 
Nauka, 1984. 


RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 5 2001 



